The seasonal and wintertime interannual variability of the split jet and the storm-track activity minimum near New Zealand (NZ) have been examined based upon the European Centre for Medium Range Weather Forecast Reanalysis (ERA-40) 1979-2001 daily data. Using the split jet index defined in this paper, the climatological variation in the split jet is closely related to the storm-track activity minimum. In austral winter, the split jet is located near NZ along with the storm-track activity minimum, which is established by the climatological Rossby wave forced by the cross-equatorial flow in the Indian Ocean. In austral spring and autumn, in contrast, both the NZ split jet and the storm-track activity minimum are less clear in the absence of the Rossby wave, because of the near-zero Indian Ocean cross-equatorial flow.
Introduction
The seasonal and wintertime interannual variability of the split jet and the storm-track, defined as the maximum in synoptic-scale eddy kinetic energy (EKE), has been well recognized in the Northern Hemisphere (NH). In boreal winter, the split jet is located over Europe and western North America just at the end of storm-tracks. In boreal summer, in contrast, the storm-tracks are weak and the jet stream is more zonally uniform. The wintertime interannual variability tends to occur predominantly in the downstream end of the stormtracks, probably associated with the interaction between synoptic-scale eddies and time-mean flow. Other major interannual variability is associated with coupled fluctuations in the tropical atmosphere-ocean system, such as El Niñ o-Southern Oscillation (ENSO; Horel and Wallace 1981) .
In the Southern Hemisphere (SH) in winter, the jet stream has two branches, the subtropical jet (STJ) in the Australian sector and the polar front jet (PFJ) from the South Indian Ocean to the Ross Sea. There is then a clear split jet located near New Zealand (NZ) in this season (Taljaard 1972) . In austral summer, the PFJ near 60 S is still present, but the STJ completely disappears. Associated with the split jet behavior, the storm-track EKE in austral winter is zonally asymmetric with a maximum in the Indian Ocean and a minimum near NZ (Trenberth 1991) . In a recent paper, Hoskins and Hodges (2005) have used a feature-tracking algorithm to perform a thorough study of the SH storm-tracks and, in particular, described a single polar storm-track in summer and a spiral storm-track in winter with associated subtropical and polar tracks in the NZ sector. Chang (1999) and Rao et al. (2002) investigated the characteristics of wave packets and found a split (nonsplit) waveguide in austral winter (summer). They suggested that the polar waveguide basically follow the positions of the westerly jet. Nakamura and Shimpo (2004) examined the seasonal variability of the STJ, PFJ, and waveguides in the SH. They pointed out that there are two separated storm-track axes near the dateline in austral winter, which may be associated with the split jet there. From these studies, we can recognize the close relationship between split jet and storm-track activity minimum near NZ in the seasonal variability.
Recently, Inatsu and Hoskins (2004) investigated the existence of the zonal asymmetry of the SH storm-track and the associated stationary waves, using an Atmospheric General Circulation Model (AGCM). They found that the winter NZ split jet along with the upper tropospheric storm-track activity minimum are strongly related to Rossby wave propagation. In the control run with climatological sea surface temperatures (SSTs), this Rossby wave arcs eastwards from the subtropical Indian Ocean to the north of NZ, while such a wave is not generated in the run with zonally uniform tropical SSTs. The origin of the Rossby wave is therefore associated with tropical forcing. However, consistent with Karoly et al. (1989) and Yang and Gutowski (1994) , its midlatitude behavior may be influenced by nonlinear interaction with transient waves in the SH storm track. The fact that the time mean NZ split jet depends on the Indian monsoon raises the possibility that the variability of the jet may also be linked with variability on the monsoon. Bals-Elsholz et al. (2001) investigated the wintertime interannual variability of the NZ split jet using a split flow index. They suggested that both the persistence of the STJ and the fluctuation of the PFJ are important for the NZ split jets. The former can be interpreted to be closely related to the crossequatorial flow from the Indian Ocean to the Western Pacific. The latter may be related to the Antarctic Oscillation (AAO; Thompson and Wallace 2000) or fluctuations in the sharp temperature gradient between Antarctica and the warmer ocean south of NZ (Taljaard 1972; Bromwich and Parish 1998) . The Indian Ocean and Indonesian cross-equatorial flow is positively correlated with ENSO. Renwick (1998) and Renwick and Revell (1999) suggested that blocking in the Southeast Pacific (Trenberth and Mo 1985) is caused by a Rossby wave propagation forced by anomalous tropical convective heating related to ENSO. Solman and Menéndez (2002) further showed that the SH storm-track in the Indian Ocean is enhanced (suppressed) during the warm (cold) episode of ENSO.
This paper aims to investigate the interannual variability of the split jet and the stormtrack activity minimum near NZ. For this purpose, a suitable split jet index (SJI) will be defined and then the seasonal behavior and wintertime interannual variability of each component of the index will be investigated. In each case, the relationship with the split jet and the storm-track activity minimum near NZ will be examined. In the seasonal behavior, it might be expected that the impact of the Indian monsoon might be dominant. However, in the winter interannual variability, ENSO and AAO are also possible candidates.
The paper is organized as follows: the description of the data used is given in section 2, the definition of the SJI in section 3, the analysis of seasonal behavior and winter interannual variability in sections 4 and 5, respectively, and concluding remarks are made in section 6.
Data
The basic daily data used is from the European Centre for Medium Range Weather Forecast (ECMWF) Reanalysis, ERA-40 (Uppala et al. 2005) . The 23-yr period, Jan 1979 to Dec 2001, is more reliable than that before because of the abundance of satellite observations and then only this period is used. Monthly-mean data of 300-hPa EKE for synoptic, 2-8 day, time-scale is produced using a numerical filter. 1 Throughout this paper, this synopticscale EKE is used as the measure of the stormtrack. It is preferred to the traditional measure based on filtered geopotential height variance (Blackmon et al. 1977) , because it tends to give more detail in the spatial distribution of the storm-track.
In section 5, a statistical significance test for correlation coefficients will be discussed in the context of confidence in signals in regression maps. The 95% statistical significant level is G41.22% for 23 degrees of freedom, as estimated using Fisher's z-transformation (Wilks 1995) .
The AAO data used in section 5 is obtained from the website in the Joint Institute for the Study of the Atmosphere and Ocean (JISAO) in the University of Washington. 2 The data were computed using the leading principal component of 850-hPa geopotential height anomalies south of 20 S ( 
Split Jet Index (SJI)
Here the SJI is defined for each longitude and time:
where u 1 , u 2 , and u 3 are zonal winds averaged between 200-hPa and 300-hPa and over the overlapping latitudinal bands 25 -40 S, 32:5 -50 S, and 42:5 -65 S, respectively. The average of 200-hPa and 300-hPa zonal wind is used here because both the STJ and the PFJ should be captured. This can be considered to be related to a smooth numerical approximation of the zonal wind curvature in the latitudinal direction:
where u is zonal wind, y is the meridional coordinate, and dy is a mesh width. To avoid noise, the point data, uðy þ dyÞ, uðyÞ, and uðy À dyÞ, are replaced by the averaged data. For a specific increment in longitude, the three latitudinal bands used give approximately equal averaging areas. For both a strong STJ centered in latitude band 1 and strong PFJ in band 3, the SJI will be large and positive. If only one of these jets is strong, then the index will have a smaller value with the large u 1 or u 3 value being reduced, or even reversed, by the subtraction of twice the value in band 2 which will tend to reflect the flank of the strong jet. If there is a single strong jet centered in band 2, rather than to north or south, then the SJI will be large and negative.
Seasonal variation
In this section, we will investigate the seasonal variation of the jet stream and the stormtrack, in order to consider the relationship between the NZ split jet, the storm-track activity minimum, and the Indian monsoon interannual cycle.
a. The split jet and storm-track activity minimum Figure 1 shows the climatological 200 to 300-hPa zonal wind and synoptic-scale 300-hPa EKE in the SH in the standard four seasons. In austral summer (DJF), the time-mean zonal wind shows a PFJ, the maximum being near 50 S, where the wind speed exceeds 25 m s À1 . This PFJ is quite zonally uniform, though the zonal wind in the Eastern Hemisphere is stronger than that in the Western Hemisphere. In this section, reflecting the PFJ behavior, the 1F FðtÞ ¼ P 5 k¼À5 a jkj Fðt þ k dayÞ, where ða 0 ; a 1 ; . . . ; a 5 Þ ¼ ð0:7; À0:25; À0:15; À0:04; 0:04; 0:05Þ 2 URL: http://www.jisao.edu/aao/ storm-track is located between 40 -60 S, with its larger amplitude in the Indian Ocean. In autumn (MAM), the PFJ and storm-track are quite similar to that in summer.
In austral winter (JJA), the zonal asymmetry in the zonal winds and storm-track increase markedly. The PFJ has its center near 45 S between 50 W-90 E and extends to 180 and 60 S, and the STJ is near 30 S between 90 E-150 W and has a maximum wind speed greater than 45 m s À1 . The double jet is then formed between 90 E and 150 W with a middle lati- tude zonal wind minimum, which is particularly clear near NZ. The SH wintertime stormtrack starts from the Atlantic and peaks in the Indian Ocean. The minimum in middle latitude synoptic-scale EKE is located around NZ, corresponding to the behavior of the zonal wind. In this measure, the storm-track is quite weak in the STJ core and the synoptic-scale EKE therefore follows the PFJ rather than the STJ. It should be noted that upper tropospheric westerly features, as tracked by Hoskins and Hodges (2005) , show significant activity on the STJ. In spring (SON), the zonal wind and synoptic-scale EKE are similar to those in winter, but the zonal asymmetry is much reduced and the split jet structure around NZ is not clear. Figure 2 shows the seasonal march of the SJI (shading) and the zonal asymmetry of the 300-hPa synoptic-scale EKE averaged between 30 -60 S (contour). The EKE has remarkably small seasonal variations in the Indian Ocean, but both quantities show significant variations in the NZ sector (140 E-160 W). There the SJI is more than 12 m s À1 in winter and almost zero in summer. Similarly, the zonally asymmetric EKE is less than À20 m 2 s À2 in winter and near zero in summer. The strong correlation between the NZ jet split and the storm-track activity minimum is consistent with the more detailed discussion of the SH zonal wind and storm-track, given by Nakamura and Shimpo (2004) .
b. The Indian monsoon Inatsu and Hoskins (2004) proposed that the winter NZ split jet, along with the storm-track activity minimum, is related to a Rossby wave propagating from the subtropical anticyclone in the Indian Ocean, forced by the upper tropospheric cross-equatorial northerly flow from the Indian monsoon. This cross-equatorial flow is a better measure of the monsoon impact on the SH atmosphere than other more usual indices such as the All India Rainfall index (Parthasarathy et al. 1995) . This is because the crossequatorial flow gives the net effect of all the ingredients in the summer monsoon in the northern Indian Ocean/South Asian region. Figure 3a displays the seasonal march of the meridional component of 200-hPa divergent cross-equatorial wind. This indicates the strength and the polarity of local Hadley circulation. Since there is generally ascent in the summer hemisphere and descent in the winter hemisphere, the upper tropospheric crossequatorial flow is generally southerly (northerly) in austral summer (winter). In austral summer, there are three southerly maxima, near 50 E, 170 E, and 60 W, corresponding to African, Australian, and Amazonian convection centers, respectively. In austral winter, each southerly maximum is replaced by a northerly maximum displaced to the west. The African signal is weaker and there are two main northerly maxima near 100 E and 90 W, corresponding to the Eurasian Continent, and Central North America, respectively. In particular, the -120 E. It is of interest to note the rapid transition in April and May, and back again in October and November of the local Hadley circulation polarity near 90 -60 W. This is probably associated with the fact that there is relatively little landmass in southern Central America and the relative location of Central / North and South America: there is a rapid transition in the center of convective activity north-west from South America to northern Central America.
The zonal asymmetry of upper tropospheric cross-equatorial flow is important in Rossby wave generation. Sardeshmukh and Hoskins (1988) showed that stronger (weaker) divergent flow into a hemisphere is associated with a net anticyclonic (cyclonic) vorticity source and can lead to a downstream Rossby wave train. As discussed in Inatsu and Hoskins (2004) , in the austral winter the strong northerly flow into the southern Indian Ocean can be expected to lead to an anticyclone there and can act as a Rossby Wave Source (RWS).
Figures 3b-d display the 200-hPa stationaryeddy streamfunction ðcÞ for austral autumn to spring. They also show the phase-independent Rossby wave activity flux at 300 hPa as defined by Takaya and Nakamura (2001) . Under the WKB approximation, the wave activity flux is parallel to the group velocity of linear stationary Rossby waves. In austral autumn, a season with near-zero cross-equatorial flow in the Indian Ocean ( Fig. 3a; hereafter Indian crossequatorial flow), there is neither the anticyclone in the subtropical Indian Ocean nor a Rossby wave propagating from there. Instead a Rossby wave with small amplitude is trapped along Antarctica. This might be associated with the off-pole distribution of Antarctica (Quintanar and Mechoso 1995) or the stormtrack fluxes there (Yu and Hartmann 1993) . In austral winter, a season with >5 m s À1 Indian cross-equatorial flow (Fig. 3a) , waves in the SH extratropics have a much larger amplitude. As shown in Inatsu and Hoskins (2004) , and consistent with the above discussion, a stationary anticyclone is generated in the subtropical Indian Ocean (80 E and 20 S), and a stationary wave pattern is consistent with Rossby wave propagation along an almost great circle ray path. The wavetrain has a cyclone near 90 E and 55 S, an anticyclone near 150 E and 50 S, and a cyclone near 180 and 35 S. This wave train is crucial for the existence of the split jet near NZ (Fig. 1c) . The wave activity flux and also a refractive index (not shown) support this route for Rossby wave propagation. Another Rossby wave is also seen to propagate from the Bellingshausen anticyclone (90 W and 60 S) to the Mascarene high (40 E and 40 S) and might again be associated with the zonal asymmetry in Antarctica or the storm-track.
In austral spring, a season with a 3 m s
À1
Indian Ocean cross-equatorial flow, there is a weak Rossby wave train from the subtropical Indian Ocean to NZ. The split jet is reduced but still remains near NZ (Fig. 1d) . In austral summer, there is a much smaller level of stationary eddy activity, which may be forced by Antarctica and is trapped around it (not shown). The Indian cross-equatorial flow is strongest (Fig. 3a) in JAS, rather than JJA, and a stationary wave pattern (not shown) for that season emphasizes even more clearly the Rossby wave propagation from the subtropical Indian Ocean. There is clearly a good correspondence in seasonal variations between the Indian Ocean cross-equatorial flow and the stationary Rossby wave which influences the NZ sector (Fig. 3) . This supports the hypothesis that the mean NZ jet split along with the storm-track activity minimum is indeed associated with Indian Ocean cross-equatorial flow.
Wintertime interannual variability
In this section attention is turned to the interannual variability of the wintertime NZ split jet and storm-track activity minimum. It is known that the Indian monsoon has significant interannual variability and believed that some of this may be linked with both ENSO and the aspects of the hydrological cycle in the Eurasian Continent. Because of the climatological importance of the Indian Ocean upper tropospheric cross-equatorial flow in the existence of the NZ split, it is natural to consider the extent to which the interannual variability in the Indian monsoon, and therefore in this crossequatorial flow, is responsible for its interannual variability. Such a study will be reported in this section and, following this, the importance of variations in another feature of the cross-equatorial flow and also in the AAO will be assessed.
a. The split jet and storm-track activity minimum In order to quantify the interannual variability of the NZ split jet in winter, the NZ SJI is defined as the SJI averaged between 140 E and 160 W, the region where the SJI is high in winter (Fig. 2) Figures 4a,b show the composite maps of 200 to 300-hPa zonal wind and synoptic-scale 300-hPa EKE for high and low NZ SJI winters, respectively. When the NZ SJI is high, both the STJ and the PFJ are about 5 m s À1 stronger than climatology (cf., Figs. 1c and 4a) . The minimum of zonal wind near NZ is much clearer. Like the zonal wind, the storm-track activity minimum near NZ is also much clearer. As the EKE in the central storm-track in the South Indian Ocean is slightly stronger, the zonal asymmetry in synoptic-scale EKE becomes larger. On the other hand, when the NZ SJI is low, the double jet structure is less clear, not only near NZ but also in the Indian Ocean (Fig. 4b) . The zonal wind distribution is then more zonally uniform. Similarly, both the storm-track activity minimum near NZ and its maximum in the Indian Ocean are less clear. Figures 4c,d show, respectively, regression maps of 200 to 300-hPa zonal wind and synoptic-scale 300-hPa EKE on the NZ SJI in winter. In the NZ sector, zonal wind anomalies with greater than 95% statistical significance are westerly around 60 S, easterly around 40 S, and westerly around 25 S. The zonally coherent nature of the anomalies is evident and other significant anomaly centers are located in the western Indian Ocean, there being westerly around 55 S, easterly around 40 S, and westerly around 20 S. Together with the composite analysis (Figs. 4a,b) , it is clear that large NZ SJI values do indeed have an associated enhancement of the NZ split jet and also a poleward shift and strengthening of the PFJ in the Indian Ocean (Fig. 1c) . The pattern in the Indian Ocean appears to be different from that of the climatological stationary Rossby wave (Figs. 1c and 3c) .
The anomalies in storm-track intensity strongly reflect those in the zonal wind with westerlies being associated with storm activity. The significant negative EKE anomaly is located near NZ (Fig. 4d) , where the zonal wind anomaly is mostly strong and negative (Fig.  4c) . The composite and regression analyses reveal the close relationship between the NZ SJI and storm-track activity minimum even in wintertime interannual variability.
b. The relationship with Indian Ocean
Cross-Equatorial Flows In austral winter, the climatological stationary Rossby wave propagates from the subtropical Indian Ocean (Fig. 3c) , where it is forced by the upper tropospheric cross-equatorial outflow in the whole sector from the monsoon (Fig.  3a) . Though the northerly cross-equatorial flow from 60
-150 E is greater than 3 m s À1 , the part that appears to initiate this Rossby wave propagation is in the sector from 30
to 90 E. Consequently, hereafter the term Indian CrossEquatorial Flow will be used to denote the southward component of the divergent wind ðÀv w Þ averaged between 5 S and 5 N, and 30
and 90 E. If the Indian monsoon is dominant in interannual variability, then it would be expected that the regression and composite maps would show an anomalous Rossby wave pattern as in the climatology (Fig. 3c) . This is not the case. However, it is still of interest to consider the matter further. Figure 5 shows regressions of zonal wind on the southward Indian Ocean Cross-Equatorial Flow. Neither field contains significant anomalies in the regions of interest. The zonal wind pattern in the NZ region (Fig. 5) shows some similarity with that for the NZ SJI (Fig. 4c) but is shifted slightly poleward. This is also the case for EKE (not shown). The correlation coefficient between the Indian Ocean CrossEquatorial Flow and the NZ SJI is only 0.14, which is not significant at the 95% level. The difference of the NZ SJI between the three winters with the strongest and with the weakest value of the Indian Ocean Cross-Equatorial Flow is positive but corresponds to only some 15% of the difference found between the NZ SJI composites themselves (not shown).
In order to explore whether there may be other regions of cross-equatorial flow that might be more important, the 5 S to 5 N JJA average 200-hPa northerly divergent flow and its interannual variability are given in Fig. 6a . The correlation coefficient between NZ SJI and the cross-equatorial flow is shown in Fig. 6b . It is clear that the interannual variability is actu- ally larger to the east of the 30 -90 E Indian Ocean Sector suggested as being the most important for the climatological NZ split and used in this section. Consequently, we now consider the 200-hPa northerly divergent flow in the sector 100 -160 E and refer to this as the Indonesian Cross-Equatorial Flow. The correlation is actually higher in the sector 170 E-130 W, but the regression map onto the crossequatorial flow in this sector is quite similar to the map onto the Indonesian Cross-Equatorial Flow. We therefore concentrate on the Indonesian Cross-Equatorial Flow.
c. The relationship with the Indonesian
Cross-Equatorial Flow  Figures 7a,b show the regression of zonal wind and synoptic-scale EKE, upon the Indonesian Cross-Equatorial Flow. In the case of the strong Indonesian Cross-Equatorial Flow, the zonal wind has a westerly anomaly northeast of NZ along 30 S and an easterly anomaly around 120 W and 50 S both with greater than 95% statistical significance. The pattern may be viewed in terms of the anomalous Rossby wave propagation in the South Pacific (Renwick and Revell 1999) . The synoptic-scale EKE anomaly is negative in the region of the easterly anomaly around 120 W and 50 S (Fig. 7b) . The pattern of zonal flow anomalies is stronger than for the Indian Ocean case (Fig. 5) but is again shifted polewards compared with that associated with the NZ split jet and the higher latitude extrema are also eastwards. The correlation coefficient between the Indonesian CrossEquatorial Flow and the NZ SJI is 0.29, double that for the Indian Ocean sector, but still not quite significant at the 95% level. The difference of the NZ SJI between composites of years with three largest and smallest values is now some 22% of that between the NZ SJI composites themselves (not shown).
The interannual variability in both the Indian Ocean and the Indonesian CrossEquatorial Flows have more impact in the subtropical region of the split jet than in the higher latitude regions. This raise the question whether an intrinsically higher latitude mechanism might also be implicated in the interannual variability of the NZ split jet. In the next section the relationship with the AAO is explored.
d. The relationship with the AAO
The zonal wind field regressed on the AAO index is shown in Fig. 8a . This clearly corresponds much more closely to the NZ split jet structure. In particular the middle latitude reduction and high latitude amplification of the westerlies are reproduced. However, the subtropical amplification is only hinted at. As might be anticipated, the storm-track pattern tends to emphasize the high latitude amplification rather than the middle latitude reduction that is dominant in the NZ split jet.
The correlation between the AAO and the NZ SJI is 0.43 and is significant at the 95% level. The composite difference is also larger than that for the cross-equatorial flow indices and about 33% of that for the split jet index itself (not shown).
The analysis here is actually related to the traditional studies of zonal flow vacillation. Yu and Hartmann (1993) suggested that the high (low) zonal index in the Southern Hemisphere shifts the jet poleward (equatorward) from the time-mean position and broadens (sharpens) it. The high (low) index therefore corresponds to the positive (negative) phase of the AAO and is partially related to the New Zealand jet split (nonsplit) case.
Discussion
We have examined the climatological seasonal and wintertime interannual variability of the split jet and storm-track activity minimum near NZ. The SJI is defined as the index to measure the NZ split jet. We found that the NZ split jet is well correlated with the stormtrack activity minimum there in both seasonal and interannual variability. The analysis of the climatological seasonal variability substantially supports the hypothesis that it is established in austral winter by the Rossby wave propagation from the subtropical Indian Ocean. This climatological Rossby wave is mainly forced by the Indian Ocean cross-equatorial flow, which is weaker in austral spring and reversed in summer and autumn.
In contrast, it has been shown that the inter- annual variability of the NZ split jet has a correlation of only 0.14 with variability in the Indian Monsoon, as measured by this Indian Ocean Cross-Equatorial Flow. The correlation with the cross-equatorial flow further to the east, near Indonesia is higher, about 0.29, but still not quite significant at the 95% level. This cross-equatorial flow is clearly related to the outflow from convection in the northern tropics and therefore to ENSO. However the index is not identical as the convection elsewhere in the Pacific is not taken account of. Recognizing that it is the subtropical part of the split jet that is more strongly related to these indices, the relationship with the AAO has also been considered. The middle and higher latitude anomalies associated with the split jet are more strongly related to the AAO. The correlation of this with the split jet index is significant and has a value of 0.43. A multiple regression of NZ SJI with all 3 indices, assumed to be independent, gives a correlation coefficient of 0.58. 3 This is large enough to suggest that the aspects discussed here are very important in interannual variability of the split jet and storm-track activity minimum in the NZ region. However, it is also clear that other processes must be occurring. One major contributor is probably the blocking that is known to occur in this region (e.g., Trenberth and Mo 1985) . Indeed the strong split jet can often be considered to be the signature of blocking. It is the Rossby wave forced by the Indian Ocean Cross-Equatorial Flow that produces the climatological ambient flow in the NZ sector that is conducive to blocking there. However, the actual occurrence of more blocking in one year than another will have a random element but could also have a cause not associated with the mechanisms discussed in this paper. 3 The regression coefficients on Indonesian CrossEquatorial Flow, Indian Cross-Equatorial Flow, and AAO are 1:71 G 1:98, À0:43 G 3:68, and 2:57 G 2:04, respectively, based upon the 95% confidence level.
